The postpartum period is associated with numerous hormonal changes, some of which have been linked to detrimental effects on the medial prefrontal cortex (mPFC), a brain region involved in cognition. Here, we investigated whether mPFC structure and function are negatively influenced during the postpartum period, an outcome that might be predicted by the maternal hormonal milieu. Mother rats were tested on an attentional set-shifting task, and dendritic architecture of layer 2/3 mPFC pyramidal neurons was analyzed. Mother rats exhibited increased dendritic spine number in the mPFC, an effect that coincided with improved attention and behavioral flexibility. These findings suggest that the postpartum period is associated with promotion of neuronal growth in the mPFC and enhanced cognitive function.
Introduction
The postpartum period is accompanied by dramatic changes in hormones, including persistently increased glucocorticoid levels (Byrnes et al., 2007; Darnaudéry et al., 2007; Leuner et al., 2007; Pawluski et al., 2009) . In virgin rats, high glucocorticoid levels have been associated with diminished dendritic architecture and dendritic spine density in the medial prefrontal cortex (mPFC) as well as concomitant decrements in cognitive tasks that require the mPFC Radley et al., 2006) . Elevated glucocorticoid levels have also been associated with heightened anxiety, the regulation of which has been linked to the PFC (Solomon and Herman, 2009) .
Given the known detrimental effects of high glucocorticoid levels, it is perhaps surprising that new mothers with this hormonal profile exhibit attenuated stress reactivity, including reduced anxiety (Neumann, 2001; Macbeth and Luine, 2010) . However, the influence of maternal experience on mPFC structure and cognitive function has not been investigated previously. One function of the mPFC is to modulate attentional processes and behavioral flexibility-lesions of the mPFC have been shown to impair performance on attentional set-shifting tasks (Birrell and Brown, 2000; Fox et al., 2003) . In this task, animals are required to learn a series of associations between stimuli of certain sensory modalities and food rewards, and then switch these associations to other sensory modalities to effectively solve the task. Shifting attention from one sensory stimulus to another, referred to as an extradimensional shift (EDS), requires the mPFC (Birrell and Brown, 2000; Fox et al., 2003) . Here, we examine whether mPFC pyramidal neurons and EDS performance are negatively influenced during the postpartum period, outcomes that might be predicted by the maternal glucocorticoid profile. Contrary to our prediction, we found that the postpartum period is associated with enhanced neuronal growth in the mPFC as evidenced by an increased number of dendritic spines and that this structural change coincides with improved behavioral flexibility.
Materials and Methods
Animals. Age-matched adult cycling virgin and timed pregnant female Sprague Dawley rats from Taconic were used. Rats were housed individually on a 12 h light/dark cycle. On the day of birth [postpartum day 0 (PD0)], litters were culled to 10 pups. From PD0 to PD11, rats had access to food and water ad libitum, but thereafter were maintained on a restricted diet of 85% body weight. Water remained available ad libitum. All procedures were approved by the Princeton University Institutional Animal Care and Use Committee and conformed to the U.S. National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Attentional set shifting. Virgin (n ϭ 13) and mother (n ϭ 13) rats were tested on an attentional set-shifting task (Fox et al., 2003; Liston et al., 2006) between PD20 and PD24 (Tables 1, 2). In the task, rats were trained to dig for a food reward (1/3 FrootLoop) and make discriminations based on a texture covering a digging container or a digging medium in which the reward was buried. The apparatus was an opaque Plexiglas box (50 ϫ 40 ϫ 30 cm) divided into three areas-a starting/holding area (16 ϫ 40 ϫ 30 cm) separated by a sliding opaque door from a choice area subdivided by a barrier into two (34 ϫ 20 ϫ 30 cm), each with a digging container (internal diameter and depth, 10 cm). Textures covering the digging containers were made from various materials ( Table 2 ). The attentional set-shifting procedure occurred over 3 d. On each day, rats were brought to the testing room in their home cages and allowed to acclimate. After 10 min, rats were transferred to the starting area of the apparatus and the barrier lifted, allowing access to both containers. On the first day, each container was half filled with cob bedding and a reward was placed on top. After retrieving the reward from each container, rats were returned to the starting area and the containers rebaited. This procedure was repeated for three trials. If rats failed to retrieve both rewards within 5 min, the trial was repeated. This habituation procedure was performed on the 10th to 13th day of food restriction. The next day, rats were shaped to dig for rewards buried within both containers and then trained on both a texture and medium simple discrimination (SD). Shaping was done in four stages using containers filled with cob and the reward in each, as follows: (1) placed on top; (2) placed under a thin layer of cob; (3) buried beneath ϳ2 cm of cob; and (4) buried under ϳ4 cm of cob. The first three shaping stages consisted of three trials each. The last shaping stage consisted of six trials to ensure reliable digging. If rats failed to retrieve both rewards within 2 min, the trial was repeated until they did so. Immediately after shaping, rats were trained to locate the reward based on either digging medium (crumpled tissue paper vs shredded latex gloves) or texture (short white fuzzy material vs reversed short white fuzzy material) to a criterion of six consecutive correct trials. The order of the SDs and positive stimuli were determined randomly and represented equally across rats. These stimuli were not used again. On the last day, rats were tested on a series of five discriminations (Tables 1, 2) . For all trials, rats had access to both containers, only one of which was baited with a reward. To eliminate the strategy of using odor to find the reward, all media included a small amount of powdered cereal. The left-right positioning of the baited container across trials was randomized. In the first four trials for each discrimination, rats could recover the reward even if it initially dug in the incorrect container, an error still being recorded. This was done to maintain responding on the task and to ensure sampling of both stimuli. After the first four trials, following an incorrect choice, rats were not permitted to recover the reward and were returned to the starting/holding area. Trials were terminated after 2 min if rats failed to approach a container and dig, and marked as an error. If five consecutive no-dig trials occurred, the test was terminated and continued on the following day. Testing started with the SD in which rats discriminated between either two textures or two digging media, one of which predicted the food reward (positive stimulus). Containers were filled with a neutral medium (cob) if the SD involved texture and were untextured if the SD involved medium. Next, in a compound discrimination (CD), a new dimension was introduced, but the positive stimulus was the same as in the SD. This was followed by an intradimensional attentional shift (IDS) involving two new exemplars from each stimulus dimension with the task-relevant dimension remaining the same as in the SD and CD. The IDS was then reversed (REV), such that the formerly negative stimulus became the positive stimulus. Finally, in the extradimensional attentional shift (EDS), two new exemplars from each dimension were introduced, and the formerly taskirrelevant dimension became relevant. Testing for each discrimination continued until a criterion of six consecutive correct responses was reached.
Golgi impregnation. Age-matched groups of mother (PD20-25; n ϭ 7) and virgin (diestrus 2; n ϭ 5) rats were anesthetized with an overdose of sodium pentobarbital, and the brains were rapidly removed from the skull. Small blocks of tissue containing the PFC or hippocampus were immersed in a Golgi-Cox impregnation solution (Rapid GolgiStain kit, FD NeuroTechnologies), left undisturbed in the dark for 3 weeks, then transferred to 30% sucrose for 2 d. Coronal sections (125 m) were cut on a Vibratome and stored in 15% sucrose in the dark at 4°C. Before developing, all sections were mounted onto glass slides, placed in a humidity chamber in the dark, and dried overnight at 4°C. For development, slides were incubated in 15% ammonium hydroxide for 30 min, rinsed in distilled water, incubated in undiluted Kodak photo fix for 30 min, rinsed, taken through a graded (50, 75, 95, and 100%) alcohol series (1 min each) with an extra 5 min rinse in 100% ethanol, cleared in Citrisolv for 5 min, and coverslipped with Permount.
Microscopic analysis. All analyses were conducted blind to experimental conditions. Layer 2/3 pyramidal neurons of the anterior cingulate area (Cg1-3) of the mPFC were analyzed. The Cg1-3 area is identified by its position on the medial wall of the rostral cortex and its location dorsal to infralimbic cortex, which is markedly thinner and has fewer, less welldefined cell layers (Paxinos, 1995; Wellman, 2001) . Within Cg1-3, layer 2/3 is recognized based on its positioning immediately ventral to the relatively cell sparse layer 1 and immediately dorsal to layer 4, which has a smaller cell-packing density and larger somata size. mPFC pyramidal neurons were defined by their triangular soma, apical dendrites extending toward the pial surface, a basal dendritic tree, and dendritic spines. Neurons selected for analysis were fully impregnated with the soma located 150 -450 mm from the pial surface. For comparison purposes, pyramidal neurons in layer 2/3 of the orbitofrontal cortex (OFC), pyramidal cells in the ventral CA1 region and granule neurons of the dentate gyrus were also analyzed. On selected pyramidal neurons, five apical and five basal dendritic segments (each 10 -25 m long) were analyzed for dendritic spine density using a 100ϫ oil objective on a BX-60 Olympus microscope equipped with a motorized stage and attached to a computer with StereoInvestigator software. On selected granule cells, five dendritic segments (each 10 -25 m long) were analyzed similarly. For every cell, dendritic segments selected for analysis were as follows: (1) on secondary or tertiary dendrites; (2) Ն50 m away from the soma for apical dendrites and 30 m for basal dendrites; and (3) mostly in one focal plane. Only spines extending away from the shaft were counted. Randomly selected dendrites satisfying these criteria on three to five cells of each type per animal were examined. Due to variations in staining quality, 4 -7 brains were analyzed for each cell type.
For dendritic length and branching analyses, cells were traced using the 40ϫ objective providing an average length of apical and basal dendritic trees. Branch points were counted when a dendrite exhibited a bifurcation or juncture whereby two distinct branches were detected.
Radioimmunoassay. Age-matched groups of mother (PD7-10; n ϭ 4) and virgin (diestrus 2; n ϭ 4) rats were anesthetized with an overdose of sodium pentobarbital between 12:00 and 2:00 P.M. Blood samples were obtained within 1-2 min by decapitation, added to test tubes containing 0.1 ml of heparin, and centrifuged for 20 min at 3000 rpm. Plasma was collected and stored at Ϫ20°C. Circulating levels of corticosterone were measured using Coat-A-Count RIA kits (Diagnostic Products).
Statistics. Corticosterone levels and dendritic measures (dendritic spine density, branching, and length) were analyzed using two-tailed, unpaired Student's t tests. For the attentional set-shifting task, trials to criteria (number of trials required to meet a criterion of six consecutive correct responses including the criterion run), and errors to criteria (number of errors made until animals reached a criterion of six consecutive correct responses) were analyzed using ANOVA with task phase (SD, CD, IDS, REV, EDS) as a within-subjects factor and reproductive experience (mother or virgin), and as a between-subjects factor. Bonferroni post hoc comparisons were applied when necessary.
Results
Corticosterone levels during the postpartum period Consistent with previous reports showing elevated corticosterone levels throughout the postpartum period (Byrnes et al., Example of a typical sequence of discriminations, including the task-relevant dimension and all possible exemplar combinations. Half the rats switched from medium to texture and half switched from texture to medium. The correct exemplar is shown in bold for each discrimination and was paired with either exemplar from the irrelevant dimension. In the IDS and EDS, the stimuli were novel exemplars of each dimension. The order of presentation of exemplars and the assignment of exemplars into positive (ϩ) and negative (Ϫ) stimuli were randomized in advance. The exemplars within a dimension (medium or texture) were always used in pairs. No two rats within a group received the same combinations, but groups of virgin and mother rats were matched.
2007; Darnaudéry et al., 2007; Leuner et al., 2007; Pawluski et al., 2009) , mother rats had elevated corticosterone levels compared with age-matched, cycling virgin female rats without reproductive experience (virgin: 124.4 Ϯ 55.48 ng/ml; postpartum: 293.4 Ϯ 43.03 ng/ml; t (6) ϭ 2.35, p Ͻ 0.05).
Dendritic spines in the mPFC and hippocampus during the postpartum period
The postpartum period was associated with enhanced dendritic spine density on Golgi-impregnated pyramidal neurons located in layer 2/3 of mPFC (Fig. 1a) . Compared with virgin females, mothers had more dendritic spines on apical (t (10) ϭ 3.65, p Ͻ 0.005) and basal (t (10) ϭ 4.75, p Ͻ 0.001) dendrites. Neither dendritic length nor dendritic branching of mPFC pyramidal neurons was altered in postpartum rats (Table 3) . Also, spine density on apical (t (7) ϭ 0.84, p ϭ 0.43) and basal (t (7) ϭ 0.23, p ϭ 0.82) dendrites of layer 2/3 pyramidal neurons in the OFC did not differ between mothers and virgins (Fig. 1b) (Fig. 1c) .
Attentional set shifting during the postpartum period
Mother rats showed a selective enhancement in extradimensional attentional set shifting, but not discrimination learning, intradimensional set shifting, or reversal learning (trials to criteria: (Fig. 2 ). There were no significant differences between mothers and virgins in trials to criteria or errors to criteria on any other task phase. For both groups, more trials were required to reach criteria (F (4,96) ϭ 3.65, p Ͻ 0.001) and more errors (F (4,96) ϭ 3.82, p Ͻ 0.01) were made during the REV and EDS phases than in the SD, CD, or IDS phase, thus confirming the greater difficulty of the REV and EDS tasks and the validity of the extradimensional attention shifting manipulation (Birrell and Brown, 2000; Fox et al., 2003; Liston et al., 2006) . Since the REV and EDS tasks are equally difficult but mothers performed better only on the EDS and not the REV task, it is unlikely that increased caloric or metabolic demands of the mothers account for this pattern of results.
Discussion
Our results indicate that the postpartum period enhances dendritic spine density on pyramidal neurons of the mPFC and improves extradimensional set shifting, a task that depends on the mPFC (Birrell and Brown, 2000; Fox et al., 2003) . These beneficial effects of the postpartum period occurred despite an adverse hormonal environment of elevated glucocorticoid levels, suggesting that the postpartum period not only buffers against hormonal changes but actually promotes neuronal growth in the mPFC while enhancing attention and behavioral flexibility. The increase in dendritic spine density on mPFC pyramidal neurons occurred without a concomitant change in dendritic length or branching, indicating that changes in spine density reflect changes in the number of spines. Combined with studies showing that experimental manipulations increasing glucocorticoids, such as chronic aversive stress, decrease dendritic spine density of mPFC pyramidal neurons ), it appears that dendritic spines on layer 2/3 mPFC py- Mother rats exhibit neuronal growth in the mPFC and hippocampus. a, Golgiimpregnated layer 2/3 pyramidal neuron of the mPFC, with magnified dendritic segments from virgin (top) and mother (bottom) rats. Arrows indicate dendritic spines. Mothers have more spines on apical and basal dendrites of mPFC neurons. b, Dendritic spines on layer 2/3 pyramidal neurons of the OFC were unaffected in postpartum rats. c, In the hippocampus, the postpartum period was also associated with increased dendritic spine density on pyramidal neurons of the ventral CA1 region and granule neurons of the dentate gyrus. Bars represent mean Ϯ SEM. *p Ͻ 0.05. Scale bar: cell, 15 m; segments, 5 m. ramidal neurons rapidly respond to experience in order to meet the changing needs of the environment. Diminished dendritic spine density and complexity of mPFC pyramidal neurons have been associated with impaired EDS performance in rats exposed to aversive stress or glucocorticoid injections (Wellman, 2001; Liston et al., 2006; Radley et al., 2006) . Our findings are the first to show the converse-that increases in spine density are accompanied by improved performance on the EDS phase of the attentional set-shifting task. Thus, the postpartum period specifically improves cognitive functions associated with the mPFC, suggesting that spine density changes may underlie improved cognitive ability. Consistent with this is the demonstration that the postpartum period did not affect reversal learning, which is dependent on the OFC (McAlonan and Brown, 2003) , and did not produce any observable change in dendritic spines on OFC pyramidal neurons. Other work has similarly shown that stress-induced modifications in OFC dendritic arborization are not associated with reversal learning . Collectively, these results raise the possibility that functions mediated by the mPFC are more sensitive to experienceinduced structural changes.
Since dendritic spines are a primary site of excitatory synapses (Holtmaat and Svoboda, 2009) , the postpartum period likely increased the overall number of excitatory synapses in the mPFC. Although the mechanism that controls this effect remains unknown, it is likely to be activity driven since dendritic spine synapse formation is triggered by synaptic activity (Nägerl et al., 2007) . It is possible that neuronal activation within the PFC itself, which occurs with offspring contact (Fleming and Korsmit, 1996; Febo et al., 2005; Hernández-González et al., 2005) , stimulates dendritic spine growth in the PFC. Another possibility is that the enhanced activity in the mPFC arises from the hippocampus. The ventral CA1 region of the hippocampus projects to the mPFC (Jay et al., 1989; Jay and Witter, 1991; Laroche et al., 2000) , and this pathway shows evidence of synaptic plasticity (Verwer et al., 1997; Adhikari et al., 2010) . Accordingly, dendritic spine increases in the dentate gyrus and CA fields of the hippocampus (Kinsley et al., 2006; Pawluski and Galea, 2006) during the postpartum period may augment activity in hippocampal afferents to the mPFC. This increase in activity may, in turn, lead to more dendritic spines and a related improvement in mPFC function. Future studies will be necessary to understand the relationship between structural plasticity in the hippocampus and mPFC, and how changes in these brain regions act individually or together to impact behavior.
Structural reorganization has also been shown to occur in the PFC of marmoset fathers. Unlike male rats, marmoset fathers care extensively for their offspring and will engage in the same behaviors as mothers, with the exception of nursing (FernandezDuque et al., 2009) . Marmoset fathers exhibit enhanced dendritic spine density on layer 2/3 pyramidal neurons of the PFC (Kozorovitskiy et al., 2006) . The PFC appears to be similarly altered in both sexes of two species with different social strategies, suggesting that this effect may be a phenomenon related to parenting in general. In this regard, it is worth noting that living in an enriched environment, in the absence of caregiving experience, is sufficient to induce comparable changes in dendritic spine density of pyramidal neurons in the PFC of marmosets (Kozorovitskiy et al., 2005) . These findings suggest that the enriching aspect of parenting experience may be important for driving the changes in the mPFC of both mothers and fathers.
The postpartum period is a time of dramatic hormonal change. As shown here and previously (Byrnes et al., 2007; Darnaudéry et al., 2007; Leuner et al., 2007; Pawluski et al., 2009) , levels of glucocorticoids increase shortly after parturition. Our findings verified this hormonal profile relatively early in the postpartum period (postpartum days 7-10). Other studies have shown that corticosterone levels do not return to normal until around the time of weaning (Fischer et al., 1995; Byrnes et al., 2007) . These findings raise the possibility that postpartum changes in brain structure and function may arise from persistent exposure to high corticosterone levels. Elevated corticosterone levels have been associated with diminished dendritic architecture and spine density in the mPFC and hippocampus (Sousa et al., 2000; Wellman, 2001; Listen et al., 2006; Radley et al., 2006; Hajszan et al., 2009) . Reduced dendritic architecture and dendritic spines occur in association with decrements in cognitive tasks that require the mPFC and hippocampus (Sousa et al., 2000; Liston et al., 2006; Radley et al., 2006 ). Yet despite high corticosterone levels, we found enhanced dendritic spine density and improved cognitive flexibility during the postpartum period. These findings raise questions about protective factors associated with parenting that may buffer the mPFC from the adverse postpartum hormonal environment. In this regard, a role for oxytocin seems plausible as this neuropeptide is associated with the postpartum period and has been shown to protect the brain against some of the adverse effects of elevated glucocorticoids (Neumann, 2001; Windle et al., 2004) .
Although lesions of the PFC do not have a profound effect on in the initiation of parenting behavior, some evidence in rodents suggests that pup retrieval may be affected (Afonso et al., 2007) . The PFC has been implicated in many functions that may indirectly influence parenting, including attention, cognitive flexibility, and mood regulation (Dalley et al., 2004; Price and Drevets, 2010) . Enhanced attentional abilities have been related to higher levels of maternal responsiveness (Lovic and Fleming, 2004) . In human mothers, the PFC is responsive to stimuli associated with one's own offspring (Swain, 2008) . Given that activity in this brain region is reduced with depression (Price and Drevets, 2010) , it is possible that postpartum mental illness arises from an inability to engage mechanisms intended to protect the PFC from the negative consequences of the postpartum hormonal environment.
